active photo electronic response, [18] [19] [20] [21] [22] with some emerging applications such as transistors and photodetectors devices. [23] [24] [25] [26] [27] Meanwhile, BP is used in vapor sensor, drug delivery, and cellular tracking systems because of its sensitivity and low toxicity. [28] [29] [30] [31] Mechanical and liquid exfoliation methods have been adopted to prepare BP nanosheets with different numbers of layers and sizes. [32] [33] [34] Due to thickness-dependent bandgap structure of BP which is tunable ranged from 0.3 eV (bulk) to 1.5 eV (monolayer) [26, 35, 36] and anomalous anisotropy, [37] BP nanosheets show nonlinear saturable absorption properties, [38] and used as the saturable absorber for fiber lasers. [39, 40] However, the lateral size and thickness of these BP nanosheets is hardly to be controlled by the liquid exfoliation methods, which limits the investigations of the nonlinear optical properties of the BP with special size.
Introduction
Recently, two-dimensional (2D) materials including graphene, [1] transition metal dichalcogenides (TMDs, such as MoS 2 , WS 2 , etc.), [2] and topological insulators (Bi 2 Se 3 , Bi 2 Te 3 , etc.) [3] with outstanding electronic and optical properties [4] [5] [6] [7] [8] have been widely used in energy storage device, transistor, photodetectors, and electroluminescent devices. [9] [10] [11] [12] Furthermore, some of these nanomaterials are also used as optical absorber for ultrafast photonics, such as passive Q-switcher, optical limiter, and mode locker, because of their broadband nonlinear optical response if under high power laser illumination. [13] [14] [15] [16] [17] However, these nanomaterials are limited in its applications for optoelectronic devices because of their intrinsic energy bandgap. Very recently, black phosphorus (BP) as a rising 2D material has raised much attention owing to its relatively higher carrier mobility, and more
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with an average size of about 2.1 ± 0.9 nm from the bulk form of BP. Verified by laser Z-scan technique, BPQDs are found to exhibit the saturation of optical absorption if under higher laser excitation. Finally, based on the BPQDs saturable absorber, ultrashort laser pulse is generated in mode-locked fiber laser, suggesting that BPQD is another attractive nanomaterial which can be widely applied in optoelectronic devices.
Results and Discussions

Preparation and Characterizations of BPQDs
The ultrasmall BPQDs are prepared in large scale from BP powder by using a solvothermal method. The scheme of the synthesis process is shown in Figure 1 . In brief, BP crystals were grinded into BP powders, and then added into a flask with saturated NaOH NMP solution while it was under vigorous stirring for 6 h at 140 °C in nitrogen based atmosphere. Given that NMP is a good organic solvent for the exfoliation of 2D materials, [29] the saturated NaOH NMP solution has been verified to be capable of improving the stability of the as-fabricated BP nanosheets. [44] Therefore, the saturated NaOH NMP solution was chosen to produce BPQDs. It is well-known that BP is sensitive to water and oxygen, and easy to be oxidized under visible-light irradiation. [45, 46] Consequently, during the whole preparation process, all the experiments were carried out in nitrogen based atmosphere. More details on the synthesis procedure can be found in the Experimental Section. Compared with previously reported mechanical and liquid exfoliation methods, this solvothermal synthesis is facile and controllable to make it possible to produce BPQDs in large scale.
The characterizations of BPQDs are shown in Figure 2 . Transmission electron microscopy (TEM) was employed to investigate the morphology of BPQDs. The TEM images in Figure 2a ,b evidence the existence of ultrasmall BPQDs. Figure 2c shows high-resolution TEM (HRTEM) image of BPQDs in which lattice fringes were 0.573 nm, corresponding to the (020) plane of the BP crystal. [41] According to the statistical TEM analysis of the 100 BPQDs, the average lateral size of BPQDs is about 2.1 ± 0.9 nm as shown in Figure 2d . Three typical Raman peaks of black phosphorus can be seen from Figure 2e , which are corresponding to the out-of-plane vibration mode A g 1 , the in-plane vibration modes B 2g and A g 2 , respectively. By using the silicon peak at 520.7 as a calibration standard, it can be seen that three Raman peaks of bulk BP are all red-shifted from BPQDs to different extent, which proves that the average thickness of BPQDs is pretty thin according to our previous report. [45] Figure 2f shows the linear absorption spectrum of BPQDs. 210 mL NMP solution of BPQDs was prepared to investigate the solvothermal method can be used to synthesize BPQDs in large scale, and its photograph is shown as the inset of Figure 2f. 
Nonlinear Optical Absorption Properties of BPQDs
In order to investigate whether BPQDs show better ultrafast optical properties in comparison with BP nanosheets, we performed the Z-scan experiment for BPQDs solution. The NMP solution of BPQDs contained within a cuvette was under the experimental investigation. The experimental setup is shown in Figure 3 . The incident laser pulses produced by a femto-second laser were controlled by optical attenuators in order to achieve desired average optical power. Then the incident beam was equally divided to two different laser beams. One laser beam as the reference beam was monitored with photodetector 1, while the other laser beam was focused by an objective lens perpendicularly to the solution and further monitored with photodetector 2.
Experimental results of the open aperture Z-scan measurements at 800 nm are shown in Figure 4 . As shown in Figure 4a , with the increase of the input peak intensity from 35.4 to 354 GW cm −2 , the normalized transmittance gradually increases with the approaching of the sample with respect to the focus point (Z = 0), which was caused by the optical saturable absorption effect. We further performed a comparison experiment on pure NMP solution, which was verified to be absent of nonlinear saturable absorption effect. [38] These results confirm that the saturable absorption response indeed originates from the intrinsic optical absorption in BPQDs other than NMP solution. BP possesses bandgap from 0.3 to 1.5 eV with thickness of BP from bulk degrading to monolayer. [36] Therefore, under an excitation of 800 nm femto-second laser, one photon (1.55 eV) is enough to excite an electron from the valence band to the conduction band in the BPQDs. In the NMP solution of BPQDs, the absorption coefficients I ( ) α consist of two parts 
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where I is the input optical intensity, 0 α is the linear absorption coefficient, and α is the nonlinear absorption coefficient. According to the nonlinear theory, [47] we fitted the Z-scan curves in Figure 4a with the following approximate equation
where T Z ( ) is the normalized transmittance, I 0 is peak onaxis intensity at focus, Z is the position of sample with respect to the focal position, Z 0 is the diffraction length of the beam, L e
is the effective length, and L is the length of the sample. At 800 nm band, the linear absorption of the BPQDs is about 65%, and the corresponding linear absorption coefficient α 0 ≈ 4.3 cm -1 . We fitted the average value of α which is found to be about −(5.9 ± 0.12) × 10 −3 cm GW −1 at different peak intensities.
In Figure 4b , we fitted the data with the input intensity I based on the saturable absoption model for one photon absorption. [48] The transmittance T has a relation with input optical intensity as
where A s is the modulation depth, A ns is the non-saturable components, I sat is the saturable intensity, and I in the incident light intensity. The experimental data match with Equation (3). By fitting the experimental data, the modulation depth and the saturable intensity are found to be about 36% and 3.3 GW cm −2 , respectively. BPQDs have higher modulation depth and lower saturable intensity in contrast with BP nanosheets. [38] To evaluate the nonlinear saturable property of BPQDs, we also repeated the Z-scan experiment at 800 nm for BP 
nanosheets. The measured results are shown in Figure 4c ,d that were fitted by using Equations (2) and (3). The average value of the nonlinear absorption coefficient α is about −(2.5 ± 0.19) × 10 −3 cm GW −1 at different peak intensities, and the fitted modulation depth is about 30%, while the saturable intensity is about 535.3 GW cm −2 . It should be noted that BPQDs have lower saturable intensity than BP nanosheets while they have similar modulation depths. It mainly benefits from the ultrasmall size structure of BPQDs that changes the energy bandgap of few layer BP nanosheets due to the quantum confinement effect, which correspondingly alters the optical properties of BPQDs. Table 1 shows the nonlinear saturable properties of different materials, in contrast with BP nanosheets, BPQDs have better saturable absorption properties, and may be considered as another choice of nonlinear optical material for ultrafast photonics.
Applications toward Ultrafast Photonics
Since that the nonlinear saturable property of BPQDs has been investigated, the use of BPQDs as a saturable absorber for mode-locked fiber laser is attractive. The schematic of the passively mode-locked fiber laser based on BPQDs saturable absorber is shown in Figure 5 [53] 88 32
Graphene 1550 1 fs N/A [13] 66.5-6.2 (0.71-0.61) × 10 −3
a) The current paper.
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velocity dispersion of 10 (ps nm −1 ) km −1 is used as the gain medium that is pumped by a 980 nm laser diode using a 980/1550 nm wavelength division multiplexer. An intra-cavity polarization controller is used to fine-tune the linear birefringence of the laser. A polarization independent isolator is used to force the unidirectional circulation of the laser. The BPQDs based saturable absorber is used as a mode locker. The modelocked pulse is outputted by a 10% optical coupler and detected by a spectrum analyzer (Ando AQ-6317B), an optical spectrum analyzer (N9322C), and an oscilloscope (DS09404A). The total cavity group velocity dispersion is estimated to be −0.277 ps 2 with 10.39 m optical pigtail (single mode fiber), whose group velocity dispersion is 18 (ps nm −1 ) km
The fabrication process of the BPQDs based saturable absorber is described as follows. First, the BPQDs dispersion solution in NMP and the powder of polyvinylidene fluoride (PVdF) were mixed with ultrasonicating for 30 min to get the PVdF-BPQDs slurry. Second, the slurry is cast and punched on an aluminum foil to form the PVdF-BPQDs composite film over the aluminum foil with evaporating at 80 °C for 6 h. Finally, the saturable absorber was successfully fabricated by transferring the composite between two fiber connectors.
By placing the as-fabricated BPQDs saturable absorber inside the fiber laser cavity, the self-starting mode-locked operation could be obtained at a pump power of 50 mW, as shown in Figure 6 . The central spectrum of the mode-locked pulse is located at 1567.5 nm with a 3 dB spectral bandwidth of 2.4 nm. Clear sidebands have been observed in Figure 6a , indicating that the obtained output pulse is a soliton pulse. Figure 6b shows the measured oscilloscope trace of the output pulse-train with a pulse-to-pulse interval of 65.7 ns, which corresponds to a cavity repetition rate of 15.22 MHz. Furthermore, the inset of Figure 6b characterizes its long range stability. illustrates a measured autocorrelation trace of the mode-locked pulses with a pulse duration of 1.67 ps, which suggests a real pulse duration of 1.08 ps if by multiplying a factor of 0.65 (for sech 2 -pulse profile). The corresponding time-bandwidth product is calculated to be 0.316. The radio frequency spectrum of the laser with a repetition rate of 15.25 MHz is depicted in Figure 6d , which is well consistent with a cavity length of 13.11 m. The noise ratio of electrical signal at 15.25 MHz is about 64.3 dB if measured with 10 Hz resolution bandwidth.
Conclusion
In summary, we have demonstrated a solvothermal method for large-scale synthesis of BPQDs with an average size of 2.1 ± 0.9 nm. By performing femto-second Z-scan measurement, it has been found that BPQDs show excellent nonlinear optical saturable absorption with a modulation depth of 36% and a saturable intensity of about 3.3 GW cm −2 . Taking advantages of the nonlinear optical property of BPQDs, a kind of novel optical saturable absorber based on BPQDs has been designed, which can deliver the generation of ultrashort pulse at a wavelength of 1567.5 nm in an Er-doped fiber laser. Our results suggest that BPQDs can be developed as a good candidate for ultrafast photonics devices.
Experimental Section
Materials: BP crystals of high-purity were purchased from Smart Elements, NMP (99.5%) and sodium hydroxide (NaOH) were obtained from Aladdin Reagents. All the chemicals were used as received without further purification.
Preparation of BPQDs: BP crystals were first grinded into black phosphorus powder, and added into a bottle with NMP solution. Typically, 20 mg of black phosphorus crystals can get 20 mL BP NMP solution. Then 20 mL of BP NMP solution, 180 mL of NMP, and 200 mg NaOH were added in a flask and kept under vigorous stirring for 6 h at 140 °C. The experimental procedure was performed in a nitrogen environment. Afterward, the resulting suspensions were centrifuged for 20 min at 7000 rpm to separate the centrifugate and supernatant. The light yellow supernatant was the NMP solution of BPQDs.
Characterization: TEM and HRTEM images were taken on the Tecnai G2 F20 S-Twin transmission electron microscope at an acceleration volltage of 200 kV. The absorption spectra were acquired on a TU-1810 UV-visible-NIR spectrophotometer (Purkinje General Instrument Co. Ltd. Beijing, China). Raman scattering was performed on the Horiba Jobin-Yvon LabRam HR-VIS high-resolution confocal Raman microscope equipped with a 633 nm laser as the excitation source at room temperature and a XYZ motorized sample stage controlled by LabSpec software.
Z-Scan Experiment: The incident laser was obtained from a Coherent femto-second laser (center wavelength: 800 nm, pulse duration: 100 fs, 3 dB spectral width: 15 nm, and repetition rate: 1 kHz). The focal length of the lens is 500 mm, and the incident beam waist is fitted to be about 30 μm.
